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We analyse the dislocation distribution in GaN and AIN bulk crystals by transmission electron 
microscopy and X-ray diffraction. The crystals are grown by hydride vapour phase epitaxy onto 
6H-SiC[0001] and Si(lll) substrate In liaily different disiocati » i i r ar i 

served: (i) a-type dislocations that show efficient dislocation density reduction (down to 
4 X 10 5 ,crn" 2 ) and (ii) a, (a + c) and c-type dislocations each type in a considerable density with 
less efficient disiot t on tjon We evaluate the dislocation processes that result in this differ- 
enf behaviour as dependent on the dislocation population. 

1. Introduction 

Single crystalline GaN substrates with low defect densities are nowadays grown by 
three different approaches; (i) growth from the solution at high pressures and high 
temperatures [1], (ii) masking of an epitaxial GaN layer with silicon dioxide or silicon 
nitride stripes and subsequent lateral epitaxial overgrowth [2, 3] and (iii) growth of 
thick GaN layers on either sapphire [4, 5] or SiC [5] and subsequent removal of the 
substrates. While material grown from solution is practically dislocation free, crystals 
grown on foreign substrates contain misfit dislocations induced by the lattice mismatch 
between substrate and- layer. These misfit dislocations, when extending into the layer, 
form threading dislocations, that may affect electronical and optical properties. More- 
over, high residual strains or even cracking may occur upon cooling to room tempera- 
ture due to a difference .in thermal expansion coefficients between substrate and over- 
layer [7 to 9]. 

Tackling these problems means firstly understanding the fundamental dislocation pro- 
cesses. While dislocation processes in heleroepitaxiai cubic systems are well examined, 
up to now very few analogous work exists (e.g. [10 to 12]) for nitrides. In this work we 
analyse by means of transmission electron microscopy and X-ray diffraction some of 
the processes that take place in GaN and AIN crystals grown by hydride vapour phase 
epitaxy (HVPE) to thicknesses of 100 to 200 urn. 
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2. Experimental 

2.1 Sample Growth 

GaN and AIN epitaxial layers were grown up to 100 to 200 urn thickness by HVPE 
onto 6H-SiC{0001) and Si(lll) substrates respectively (for details of the growth pro- 
cesses see [6]). The growth temperatures range from 1120 to 1320 K, the growth rate is 
about 0.06 mm/h. The SiC substrates were removed by reactive ion etching (RIE) in a 
SF 5 containing gas mixture to obtain free standing bulk GaN crystals (maximum size of 
7 x 6 x 0.1 mm 3 ). Fracture of the layers was the main factor limiting the size of these 
bulk crystals. The responsible strains result from the lattice mismatch and different ther- 
mal expansion coefficients of GaN and SiC 

2.2 Characterisation 

After removal of the substrate, the crystals were examined using double crystal X-ray 
spectrometer. We measure rocking curves ((a)) and (to, 26) scanning modes) at both 
sides of the bulk crystals (i.e. the former interface and the free surface). High quality 
6H-SiC crystals were used as monochromator and analyser. We use both symmetric 
(0002) and asymmetric (1124) reflections, and determine the residual strain in the 
layers to estimate the fraction between a-type (b = 1/3(1120) and a + c (b = 1/3(1120)) 
and c-lype (b = (0001)) dislocations. A small FWHM of the (0002) reflection compared 
to that of the (1124) reflection thus indicates a low density of dislocations with 
c -component (a + c, c). 

Transmission electron microscopy measurements of plane-view and cross-sectional 
samples in a Philips CM 30 operating at 300 keV render detailed information on dislo- 
cations. We analyse areas close to the free surface and to the former interface (the 
maximum areas analysed were about 100 urn in diameter). Stereo microscopy aids the 
analysis of the spatial distributions, the glide geometry and of the details of dislocation 
interactions. TEM samples were prepared using conventional techniques including me- 
chanical grinding, polishing and 4 keV Ar + ion milling using a liquid nitrogen cooling 
stage until electron transparency is reached. 

3. Results 

3.1 X-ray analysis 

An example for an X-ray analysis of a high quality GaN crystal is summarised in Ta- 
ble 1. Three observations are most important: (i) the FWHM decreases from the inter- 
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face to the surface in both reflections (in m as well as in {o, 26) scans), (ii) the FWHM 
for (co, 26) scans of (0002) and (1124) reflexions are pronouncedly different (this 
holds for the free surface of the GaN crystal as well as for the former interface), (iii) 
the FWHM decreases from the former interface to the free surface and is more pro- 
nounced for the asymmetric reflections than for the symmetric ones in (w) as well as in 
(m, 26) scans. These dependences lead to two main conclusions as concerns the disloca- 
tion distribution. The reduced FWHM of the symmetrical reflection indicates a low 
density of dislocations with c-component in this specific crystal as compared to a-dislo- 
cations (large FWHM of asymmetric reflection). Moreover, the density of a-cype dislo- 
cations decreases more efficiently than that of dislocations with c-component. 

AIN layers on Si(lll) contain a 
high density of a+c and c-type thread- 
ing dislocations as indicated by the 
large FWHM of the w-scan (44.3 arc- 
min at the former interface, 38.4 arc- 
min at the free surface). 



3.2 Dislocation analysis 

A typical cross-sectional micrograph of 
GaN bulk samples close to the former 
interface can be seen in Fig. la. Con- 
trast analyses show pure a-type and 
pure c-type threading dislocations to 
be present. Dislocations with a c-com- 
ponent have [0001] line directions and 
are thus pure screw dislocations. Their 
density is as low as 3 x 10 s cm _i . The 
a-type dislocations occur in a density 



Fig. 1. Dislocation distribution in a 100 |xra 
GaN crystal grown onto 6H-SiC(0001). a) 
Threading dislocations at the interface be- 
tween a2M|tm thick GaN layer and the 
SiC substrate. Dislocations interact with 
each other by glide on prismatic and pyra- 
midal glide planes. The interaction is due 
to the strain field of dislocations. Cross sec- 
tional transmission electron micrograph is 
taken under [1120] multi-beam conditions, 
b) Dislocation density in HVPE grown 
GaN as dependent on the distance from 
the interface. The dislocation density re- 
duces exponentially going from the inter- 
face to the free Surface 
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Fig. 2. Plane view of AIN crystal close to the growth surface. The dislocation density is 
3.1 x Ifr 8 cm" 2 . Dislocations of different types (a, a + c c-type) occur in comparable densities 
(see text) 

of 8.3 x 10 s cm -2 . Ail these a-type dislocations lie inclined to the interface. Stereo micro- 
scopy revealed that a-type threading dislocations extend into prism (jllOOj-type) of 
pyramidal planes {(1101} type) thereby depositing a-type screw dislocations in the c-plane. 
Analysis points to essentially three different types of density reducing dislocation reac- 
tions: (i) a - a -* 0 {annihilation), (ii) a, + a 2 -» a 3 (recombination), (iii) a + c (a + c). 
The dislocation density reduces exponentially in going away from the former interface to 
the free surface of the layer (dislocation density there: 4 x 10 s cm -2 ) and large areas can 
be found that are completely free of dislocations. An evaluation of the dislocation density 
from TEM data as dependent on the depth is given in Fig. lb. 

AIN bulk crystals have an essentially different dislocation structure. Close to the for- 
mer interface the density of threading dislocations is in the range between 10 9 to 
10 10 enT z . Threading dislocations are of a-type, c-type and (a + c)-type. According to 
plane-view micrographs threading dislocations are distributed randomly, not in small 
angle grain boundaries (Fig. 2). These threading dislocation align along [0001] direc- 
tions, A high density of stacking faults is also present. Close to the free surface the 
threading dislocation density is reduced to 3.1 x 10 s cm ~\ (a-type: 1.8 x 10 8 cm \ 
a + c-type: 0.8 x 10 s cnT 2 , c-type: 0.5 x 10 s cm" 2 ). 

4, fiiscBSSion 

Our structural analysis of AIN and GaN bulk crystals grown by HVP.E suggests a correla- 
tion between dislocation population and dislocation density reduction we will briefly sub- 
stantiate in the following in an appropriate way: (i) layers with predominantly a-type 
threading dislocations (notably GaN on SiC without buffer layer) exhibit an exponen- 
tially decreasing dislocation density from 10 9 cm" 2 at the former interface to the free sur- 
face say 100 u.m apart, to 10 s cm" 5 , (ii) Layers with a-type and a+c-typc threading disloca- 
tions in comparable densities (e-g. AIN) show a drastically smaller degree of reduction in 
dislocation density near the free surface of thick layers (in contrast to case (i)). 
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In the following discussion we will put together a few arguments on the basis of 
dislocation formation and interaction to show that it is the type of dislocation popula- 
tion that leads to the varied efficiency in dislocation reduction. 

We can model the observation of predominantly a-type dislocations in the case (i) by 
assuming only a-type dislocations to form during the initial stages of growth. Their 
Burgers vector are contained within the basal growth plane and these dislocations are 
rather efficient in compensating the misfit. Because of the high misfit GaN growth on 
SiC starts with island formation [13] and a-type misfit dislocations may form by glide 
from the rims of the individual islands along the interface. (Without loss of generality 
we can visualise it as a network made of 60° dislocations.) As the initial network may 
vary from island to island, the dislocations that do not find an immediate partner will, 
on island coalescence, bend over and form threading dislocations [14]. The analysis 
shows that these dislocations lie on prism and pyramidal planes. The interesting aspect 
now is that these planes are active glide planes {15], As a consequence, the dislocations 
can glide together under the mutually exerted attractive strain fields and annihilate, 
when two dislocations with opposite Burgers vectors meet, or when two dislocations 
vectors a, and a 2 attract each other, to recombine to a dislocation with Burgers vector 
a 3 (see Section 3.2). This resulting dislocation of course, is available for a further recom- 
bination process and so on, until this sequence is stopped by an annihilation. The pro- 
cesses may occur irrespective of what glide planes are involved and thus are very effi- 
cient. Romanov et al. [16] have calculated that under these conditions (no dislocation 
blocking) the dislocation density decreases exponentially with thickness as observed. 

Case (ii) is characterised by the fact that threading dislocations with a, (a + c) and 
c-type dislocations occur in similar densities in the HVPE layer. We can infer that the 
origin of this population lies again in the initial growth stage. If we assume a closed 
nearly two-dimensional growth at the beginning of GaN growth, plastic relaxation in 
the closed layer by a-type dislocations is indebted because no shear stresses are present 
to drive dislocations in the interface. Thus, other types of dislocations, especially (a + c)- 
type dislocations form in thick Ill-nitride layer, because these are the only ones that 
experience shear stress and can accommodate the mismatch [15]. From a detailed ana- 
lysis of the 400 possible dislocation recombination and annihilation reactions ({17]), we 
can draw three main conclusions: (i) the additional c-component of the Burgers vector 
reduces the probability for dislocation annihilation from 0,5 (a-type dislocations react- 
ing among each other) to 0.25 (a + c-type dislocations reacting among each other), (ii) 
the glide of (a + c)-type dislocations in prismatic and pyramidal planes is highly unfa- 
vourable compared to glide of a-type dislocations because of the Peierls force in these 
glide systems; (iii) The additional e-Burgers vector component leads to many pinning 
points because of the essentially three-dimensional network of dislocations. In conse- 
quence the possibilities for dislocation density reduction are strongly reduced. The dis- 
location density then stays at a high level as observed. 

5. Conclusions 

We have analysed different dislocation populations in HVPE GaN and AIN bulk crys- 
tals, These populations are controlled by the initial growth process which is determined 
about the Burgers vector selection. Our results show that these populations are linked 
to important aspects of bulk crystal properties. When only a-type dislocations are pre- 



458 M. Albrecht et al.: Dislocation Reduction in A!N and GaN Bulk Crystals Grown by HVPE 

sent an efficient reduction mechanism reduces the dislocation density to 4 x 10 s cm -2 
or less. When the dislocations are distributed on all possible Burgers vectors in equal 
density (in the range 10 s cnT 2 each group) then only a small density reduction occurs 
(two orders of magnitude at 100 p.m). In consequence, it is a task of the future to 
analyse the initial growth stages with respect to the developing dislocation population 
and then to conduct growth such that positive aspects are combined, low dislocation 
density and no cracking. 
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